Ventilator-induced lung injury (VILI) occurs by means of regional stress and strain in the aerated lung.
1,2 Stress is measured as the total increase in transpulmonary pressure because of PEEP and tidal volume (V T ); strain is the tissue deformation induced by ventilation and is globally estimated as the ratio of lung volume increase above resting conditions to the number of alveoli available for ventilation. Because lung volume can be statically increased by PEEP and dynamically by V T , strain is classified as static or dynamic. 3, 4 Given that general anaesthesia causes alveolar derecruitment and inhomogeneities yielding reduction in the amount of aerated lung available for tidal ventilation, 5, 6 an intraoperative low-V T approach (7 ml kg À1 of predicted body weight) to limit stress and strain improves clinical outcome among subjects undergoing open abdominal surgery. 7, 8 However, the optimal PEEP to apply remains debated; high PEEP (i.e. 12 cm H 2 O) does not benefit all patients, suggesting that the optimal setting has a wide inter-subject variability. 8e12 This might be attributable to its two-edged nature: PEEP generates overinflation with lung injury in already open alveoli (i.e. static strain) but lowers dynamic strain when is effective in recruiting new compartments. 4, 13 Identifying tools to monitor aeration loss and alveolar recruitment at the bedside is essential to individualise ventilator settings. In patients with acute respiratory distress syndrome (ARDS), respiratory system static compliance (C RS ) grossly estimates the size of normally aerated lung tissue, which is reduced to a variable extent by the disease process. 2, 14 The driving pressure (DP) is measured as airway plateau pressure (P PLAT ) minus PEEP and represents V T scaled to C RS , thus estimating the ratio of V T to aerated volume (i.e. dynamic strain). 15, 16 Clinical observations indicate that DP rates the risk of VILI with no pre-existing lung injury. A meta-analysis showed that both higher absolute values of DP and PEEP changes increasing DP are associated with worse clinical outcome in the intraoperative setting. 17e19 Moreover, a PEEP-setting strategy aimed at maximising C RS and consequently minimising DP has been proposed and recently tested in a randomised controlled trial.
20e22
Although physiologically sound, the actual relationship between C RS /lung volume and DP/dynamic strain when PEEP is applied during anaesthesia has yet to be fully elucidated, with existing data scarce, conflicting, and possibly affected by case mix. 6,23e28 As in ARDS patients respiratory mechanics reflect the properties of the aereated lung not primarily affected by the disease process and hence available for tidal ventilation (i.e. the 'baby lung'), 2, 29 we reasoned that a linear relationship between C RS and lung volume (and between DP and dynamic strain) exists also in healthy subjects undergoing general anaesthesia, who are prone to develop aeration loss as a result of atelectasis and airway collapse. 5, 6 We conducted this physiological study to: (1) assess the relationship between aerated end-expiratory lung volume (EELVaer), C RS , DP, and dynamic strain at different lung volumes during general anaesthesia and paralysis for open abdominal surgery; (2) determine if PEEP-induced changes in C RS and DP help bedside monitoring of alveolar recruitment in such a context; and (3) establish whether these parameters critically depend on the presence of aeration loss from predicted functional residual capacity (FRC), as the 'baby lung' concept would suggest.
Methods
The study was conducted in a university hospital in Italy between March 2017 and January 2018 after approval by local institutional review board; written informed consent was obtained by all study participants according to committee recommendations.
Patients
We enrolled non-obese (BMI <30 kg m
À2
) ASA physical status 1e2 patients with no respiratory or cardiac comorbidities who underwent open abdominal surgery with expected duration >150 min. Pregnancy and hepatic surgery were the main noninclusion criteria. Subjects received general anaesthesia according to a standard protocol (Supplementary material, section 1). All enrolled subjects received 100% oxygen via a face mask with reservoir for 3 minutes before and during anaesthesia induction and received tracheal intubation as full paralysis was achieved. Subsequently, they were connected to a mechanical ventilator (Carescape R860; GE Healthcare, Chicago, IL, USA) through a standard bi-tube circuit with heat-moisture exchanger, received mechanical ventilation in the volume-controlled mode with V T ¼7 ml kg À1 of predicted body weight, ventilator frequency titrated to maintain endtidal CO 2 (EtCO 2 ) between 3 and 4.3 kPa after intubation and then kept unchanged during the study. FiO 2 was 0.4 and could eventually be increased if SpO 2 decreased <92% (full ventilatory protocol described in Supplementary material, section 1). Each enrolled subject underwent mechanical ventilation with the aforementioned settings and three PEEP levels (2, 7, or 12 cm H 2 O) consecutively applied in random order. Each study phase lasted 40 min (sequence provided by S.A.S. random allocation software), the first 40-min step starting after surgical incision.
Measurements
At the end of each study phase, arterial blood gases were collected and end-expiratory lung volume (EELVmeas) was measured by the ventilator (Carescape R860; GE Healthcare) through a modified technique during nitrogen wash-out (20% described. 30, 31 Wash-out and wash-in data were averaged automatically and considered valid if the difference between the two was <20% (cut-off determined by the manufacturer). Subsequently, static respiratory mechanics were assessed using occlusions. A Fleisch-type pneumotachograph and a pressure transducer measured flow and airway pressure (sample rate, 25 Hz), which were transmitted to an analogueedigital converter connected to a dedicated laptop together with the expired CO 2 / time capnogram recorded by a sidestream sensor. All signals were recorded and reviewed offline through dedicated software; the absence of air leaks was confirmed by comparing inspiratory and expiratory tidal volumes on ventilator waveforms.
V T was calculated by digital integration of expiratory flow signal. P PLAT was measured after a 0.5 s end-inspiratory occlusion, and total PEEP (PEEP TOT ) during an 8 s end-expiratory hold.
32 DP and C RS were measured as:
PEEP-induced alveolar recruitment (Rec) was computed as the difference between the change in EELVmeas (EELVmeas PEEPhigh eEELVmeas PEEPlow ) and the PEEP-related overdistention volume, which is the product of C RS at the lower PEEP level and the PEEP difference 33 :
The validation process of Rec assessment is described in Supplementary material, section 2. 34 Aerated volume (EELVaer) at PEEP¼2 cm H 2 O equals EELVmeas and can be approximated to intraoperative FRC. EELVaer at higher PEEP (i.e. 7 and 12 cm H 2 O) was calculated as the sum of the EELVaer at the immediately lower PEEP and Rec between the two PEEP steps. Each obtained EELVaer was classified according to whether it was lower than or exceeded the subject's individual predicted FRC in the supine position (FRCp), which was calculated according to a previously validated formula Static strain ¼ PEEP VOLUME =EELVaer;
where PEEP VOLUME is the absolute difference in measured lung volume between set PEEP and FRC, and includes both PEEPrelated over-distention and alveolar recruitment.
PEEP VOLUME ¼ EELVmeas À FRC Alveolar CO 2 was approximated to EtCO 2 and alveolar dead space estimated as 36 : alveolar dead space fractionz
Endpoints
The primary endpoint of the study was to assess the relationship between C RS and EELVaer at different lung volumes, which were classified according to whether EELVaer!FRCp or EELVaer<FRCp. The main secondary objectives were to:
(i) describe the relationship between DP and dynamic strain at various lung volumes; (ii) determine whether PEEP-induced increases in aerated lung volume yields consistent changes in C RS and DP, so that these parameters can reliably aid bedside estimation of alveolar recruitment. 
Statistical analysis

Sample size calculation
Previous data on ARDS patients indicate that static C RS and volume of aerated lung tissue at low PEEP are linearly related with a correlation coefficient of 0.77. 14 We estimated that enrolment of a minimum of 14 subjects was needed to provide 90% power to detect a Pearson's correlation coefficient of 0.75 between static C RS and FRC in our cohort, with alpha level set at 0.05. Given the small number of required subjects, consistent with previous literature on this topic, 14, 28 we enrolled and analysed 20 subjects.
Results
Twenty-two patients met the inclusion criteria and were enrolled; one subject did not complete the procedures because of refractory haemorrhagic shock and was excluded; one subject was not included in the analysis because of significant air leaks in the system that made respiratory mechanics and lung volume assessment unreliable. Data from 20 subjects (i.e. 60 lung volume conditions) were analysed.
The clinical characteristics of subjects are reported in Table 1 : age 68 [55e75] yr, female sex 10 (53%). The main results of the study are displayed in Table 2 . Cardiac output by pulse contour analysis, recorded at the moment of blood gas collection, was similar in the three PEEP levels (all P>0.05). The most relevant analysed variables were not different between subjects who underwent upper or lower abdominal surgery (Supplementary material, section 3).
Lung volume
These results are displayed in Table 2 
Lung volume/respiratory system static compliance
These results are displayed in Table 2 and Figure 2 and Across all the studied lung volumes, C RS was weakly but significantly related to EELVaer (r¼0.42, P<0.001) (Fig. 2a) . This occurred because EELVaer was linearly related to C RS in measurements with EELVaer<FRCp (r¼0.73, P<0.001) (Fig. 2c) , with a 100 ml EELVaer increase accompanied by a 1.8 ml cm H 2 O À1 (95% CI [1.1e2.5]) increase in C RS . Conversely, when EELVaer! RCp, C RS was independent of EELVaer (P¼0.82) (Fig. 2d) .
In Supplementary material, section 5, it is shown that C RS was weakly but significantly inversely related to estimated alveolar dead space fraction in measurements with EELVaer!FRCp (r¼e0.47, P¼0.001). In contrast, when EELVaer<FRCp, C RS and alveolar dead space fraction were independent (P¼0.28). Across all measurements, a weak U-shape relationship was found between alveolar dead space fraction and the ratio EELVaer/FRCp (P¼0.001).
Dynamic strain/driving pressure
These results are displayed in Table 2 and Figure 3 Across all the studied lung volumes, DP was significantly related to dynamic strain (r¼0.64, P<0.001) (Fig. 3a) . This was mostly because of measurements at EELVaer<FRCp, when DP was linearly related to dynamic strain (r¼0.54, P¼0.004) (Fig. 3c) , with a 1 cm H 2 O increase in DP linearly related to an increase in dynamic strain of 0.02 [0.01e0.03]; in contrast, DP and dynamic strain were totally independent as EELVaer exceeded FRCp (P¼0.90) (Fig. 3d) . and DP.
Alveolar recruitment
(b) If PEEP leads to aerated lung volume exceeding predicted FRC, changes in C RS do not reflect lung volume modifications but are rather weakly inversely associated to the alveolar dead space fraction; correspondingly, DP is independent of dynamic strain and changes in these two parameters do not yield information about PEEP-induced alveolar recruitment. In ARDS patients, C RS and aerated lung size are strictly related. 2 14 This led to coin the concept of 'baby lung' and allowed clarification of the pathophysiology of lung injury as the mechanical distortion of the aerated lung, the size of which is reduced to a variable extent by atelectasis, oedema, and/or alveolar flooding (i.e. dynamic strain).
1,4
We observed a similar relationship between FRC and C RS among patients with no respiratory comorbidities who received paralysis and low-tidal volume ventilation for abdominal surgery. Because atelectasis and airway collapse are well-acknowledged causes of aeration loss during general anaesthesia, 5 our results are consistent with the idea that the baby lung is a functional rather than an anatomical concept: given that C RS is a characteristic of the tissue available for ventilation, its mechanical properties are unlikely affected by the cause of lung volume loss but only reflect the volume of tissue in which tidal ventilation occurs. 2, 14 We report that such a relationship between C RS and aerated volume is maintained when lung volume is increased by PEEP only if this does not overcome the patient's predicted FRC. Consistently with the 'baby lung' concept, the relationship between respiratory mechanics/lung volumes and volume-derived indices critically depends on the presence of aeration loss below predicted FRC. Anaesthesia-induced aeration loss below predicted FRC was common and involved more than half of enrolled subjects, with an absolute FRC median value of 1800 ml and a median relative FRC reduction of 10%, which is consistent with previous reports. 6, 37 Anaesthesia-induced FRC reduction is mostly caused by increased chest-wall recoil as a result of the loss of tone of the diaphragm, sternomastoid, scalene, and parasternal intercostal muscles: muscle trophism has indeed wide inter-individual variability, making aeration loss dependent on body build. 6 Thus, the variability in anaesthesiainduced aeration loss and PEEP-induced recruitment reported in our cohort appears coherent with previous investigations. 6 Importantly, almost 40% of subjects showed an aerated volume close to predicted FRC at low PEEP (2 cm H 2 O). These results are compatible with data showing no physiological benefit of PEEP in non-obese patients, 38 with the lack of clinical effect by a generalised high-or low-PEEP approach reported in a randomised trial, 10 and with a recent study suggesting that PEEP 2 cm H 2 O is sufficient to prevent intra-tidal recruitment/ derecruitment in 40% of patients undergoing general anaesthesia. 9 Importantly, also a recent report addressing respiratory mechanics during general anaesthesia shows inter-individual variation in PEEP-induced lung recruitment. 39 The most relevant clinical consequence of our results is that C RS and DP are bedside-available tools to monitor aeration loss, dynamic strain, and PEEP-induced recruitment. However, they must be interpreted with caution in the intraoperative setting, as lung volume equals predicted FRC, or eventually overcomes it when PEEP is applied in a significant proportion of patients. In this sense, we report that lung volume exceeds predicted FRC in a significant proportion of patients when PEEP is applied; unfortunately, we cannot clarify the physiological effect of this condition, which has to be addressed in future investigations, especially because such high lung volumes have been documented in a similar setting. 40, 41 Preclinical and physiological studies show that, in noninjured lungs, a PEEP-setting strategy aimed at maximising C RS would best compromise between maximising normally aerated areas and minimising hyperinflation. 21, 22 This approach, however, has not been shown to be clinically beneficial in a recently published large randomised controlled trial. 20 Based on our results, the concept of a different physiological meaning of C RS when assessed at lung volumes above and below FRCp may aid interpretation of these findings. Previous studies have focused on the relationship between the volume of aerated lung and C RS at lung volumes greater than FRC in patients without ARDS, with conflicting results. 27, 28 As compared with those investigations, we selected a homogeneous cohort of patients and removed from the measured PEEP-induced end-expiratory lung volume change the gas inflated in the already open lung, which does not increase the number of alveoli available for ventilation but rather contributes to static strain. 33 Importantly, this PEEPinduced over-distention volume can be particularly pronounced in non-injured lungs because of the relatively limited aeration loss. In addition, we classified the studied lung volumes according to whether these were below or above individual predicted FRC, which had a relevant effect on the significance of the relationship.
Our results show that DP is linearly related to dynamic strain, and PEEP-induced changes in this parameter detect alveolar recruitment only if lung volume does not exceed predicted FRC. To our knowledge, the correlation DP/dynamic strain, although physiologically sound, was previously undemonstrated. This has relevant clinical implications, as dynamic strain is the key mechanism of lung injury in the intraoperative setting, 
18
The independence between DP and dynamic strain at aerated volumes exceeding predicted FRC could have contributed to the lack of correlation between DP and clinical outcome recently observed in a cohort of non-hypoxaemic critically ill patients who were treated with a variable degree of PEEP, in spite of likely trivial aeration loss. 47 When aerated lung volume exceeds predicted FRC, C RS is weakly but significantly related to an alveolar dead space fraction surrogate. C RS and alveolar dead space have been previously proposed to optimise PEEP setting during surgery. 48 We are doubtful of a mechanistic relationship between these two parameters; more likely, both reflect some sort of overdistention. The reduction in regional C RS is often revealed as lung volume overcomes the condition associated with the best C RS and this determines the degree of hyperinflation 49 ; the increase in alveolar dead space indicates that the applied pressure over-distends some already open alveoli, with blood perfusion directed away, thereby increasing pulmonary vascular resistance and ventilation/perfusion mismatch. 50 This seems to be confirmed by the U-shaped relationship detected between the surrogate of dead space fraction and the ratio EELVaer/FRCp, which suggests an increase in dead space when aerated volume exceeds predicted FRC. Whether this could contribute to PEEP-induced lung injury cannot be established from our data and should be addressed in future investigations.
The present study has some limitations. First, we used nitrogen wash-inewash-out and respiratory mechanics to assess alveolar recruitment, and we do not provide results from lung imaging. Nevertheless, the gas dilution technique is fully validated and provides information that, although not fully correlated to tissue recruitment measured by CT, aids bedside estimation of gas recruitment in the lungs. Importantly, the recently highlighted difference between gas recruitment assessed by respiratory mechanics and tissue recruitment by CT explains the high-recruitability profile detected in our cohort, which would otherwise seem irreconcilable with available data on patients with no or mild lung injury. 41,52e54 Moreover, our results concerning absolute lung volumes are consistent with previous reports. 37, 41 Second, given that lung volumes measured in spontaneously breathing patients can be challenging, we estimated preoperative FRC from a previously validated formula. We tried to make this assumption plausible by accurately selecting patients to exclude conditions that could alter lung physiology (tobacco use, obesity, cardiac and respiratory diseases).
Third, approximating alveolar CO 2 to EtCO 2 by the BohreEnghoff formula can be misleading for alveolar dead space measurements 55 ; nonetheless, this appears less likely in healthy patients and the difference between Pa CO2 and EtCO 2 is well correlated to alveolar dead space in stable haemodynamic conditions. 56 In this sense, we show that cardiac output did not actually vary across the tested conditions, so that any change in this index can be safely ascribed to actual dead space fraction modifications.
Conclusions
Among non-obese patients undergoing general anaesthesia for open abdominal surgery, the relationship between respiratory mechanics and lung volume/volume-derived indices critically depends on the presence of aeration loss from predicted FRC: C RS reflects end-expiratory aerated volume, DP roughly measures dynamic strain, and PEEP-induced alveolar recruitment can be detected bedside by changes in these two parameters only if aerated lung volume is lower than individual predicted FRC. However, anaesthesia-induced FRC loss and PEEP-induced re-aeration show wide inter-subject variability, 39 with aerated volume returning to and/or exceeding predicted FRC in a significant proportion of patients when PEEP is applied. 
